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Analysis of Ninety Degree Flexure Tests

for Characterization of Composite

Transverse Tensile Strength

T. Kevin O'Brien 1 and Ronald Krueger 2

1 U.S. Army Research Laboratory, Vehicle Technology Directorate
2ICASE

NASA Langley Research Center, Hampton, Virginia, U.S.A.

SUMMARY: Finite element (FE) analysis was performed on 3-point and 4-point

bending test configurations of ninety degree oriented glass-epoxy and graphite-epoxy

composite beams to identify deviations from beam theory predictions. Both linear and
geometric non-linear analyses were performed using the ABAQUS ® finite element code.

The 3-point and 4-point bending specimens were first modeled with two-dimensional

elements. Three-dimensional finite element models were then performed for selected 4-

point bending configurations to study the stress distribution across the width of the

specimens and compare the results to the stresses computed from two-dimensional plane-

strain and plane-stress analyses and the stresses from beam theory. Stresses for all

configurations were analyzed at load levels corresponding to the measured transverse

tensile strength of the materials.

For 3-point bend test configurations, both the linear and geometric non-linear 2D plane-

strain and plane-stress analyses yielded similar results. The maximum tensile stresses

under the center load nose calculated from the FE analysis were slightly lower than

stresses predicted by beam theory. The difference (maximum of 4%) was greatest for the

shortest span analyzed.

For 4-point bend test configurations, both the plane-stress and plane-strain 2D linear

analysis results agreed closely with beam theory except right below the load points.

However, 2D geometric non-linear analyses deviated slightly from beam theory

throughout the inner span as well as below the load points. Plane-stress results deviated

from beam theory more than plane-strain results. The maximum tensile stresses between

the inner span load points were slightly greater than the beam theory result. This

difference was greatest (maximum of 4%) for configurations with the shortest spans

between inner and outer load points. A contact analysis was also performed in order to

investigate the influence of modeling the roller versus modeling the support as a simple

boundary condition at one nodal point. A configuration with the shortest span between

inner and outer load points was modeled for the 24-ply and 36-ply IM7/8552 layups and

the 24-ply $2/8552 layup. Generally, for all configurations investigated, the discrepancy

between the FE and beam theory results became smaller (max. 2%) when the rollers were



modeledin conjunctionwithcontactanalysis.Hence,thebeamtheoryyieldsareasonably
accuratevaluefor themaximumtensilestressin bendingcomparedto 2DFEanalysis.

The3D linearFEanalysisof the4-pointconfigurationsagreedcloselywithbeamtheory,
exceptrightbelowtheloadpoints.The3D linearFEresultsat thespecimenedgeagreed
with 2Dplane-stressresults,andthe3D linearFEresultsin thecenterof thespecimen
agreedwith 2D plane-strainresults.The 3D geometricnon-linearanalysesdeviated
slightlyfrombeamtheorythroughouttheinnerspanaswell asunderloadpoints.The3D
geometricnon-linearFE resultsat the specimenedgeagreedwith the 2D plane-stress
results.For the 12.7mm (0.50 in.) wide IM7/8552specimens,the3D geometricnon-
linear FE resultsin the centerof the specimenagreedwith 2D plane-strainresults.
However,for the6.35mm (0.25in.) wide $2/8552specimens,the 3D geometricnon-
linearFEresultsin thecenterwerelessthan2Dplane-strainresults,indicatingthatthese
specimenswerenotwideenoughto achievefull constraint.

Theutility of theFE resultsis primarily for guidancein thechoiceof beamthickness,
width,andconfiguration.Forthe3-pointbendconfiguration,longerspansarepreferred
to minimize the error in beamtheorydatareduction.Similarly, for the 4-point bend
configurations,a longerspanbetweentheinnerandouterloadnoses,atleastequalto the
spanbetweenthe inner loadnoses,resultsin lesserror comparedto beamtheory. In
addition,theseFEresultsindicatethatthespanbetweentheinner loadnosesshouldnot
be too long to avoidobtaininga non-uniformmaximumstressbetweenthe inner load
noses.Finally, the 3D analysisindicatesthat specimensshouldbe sufficientlywide to
achieveafully constrainedstateof plane-strainatthecenterof thespecimenwidth.

KEYWORDS: transversetensilestrength,matrixcracking,finite elementanalysis,glass
epoxy,graphiteepoxy,bendingtests

INTRODUCTION

Matrix ply cracking is a common initial damagemechanismin fiber reinforced
composites.Matrixply crackingaloneis seldomcatastrophicfor laminatessubjectedto
membraneloading.However,for compositestructuresthat undergobending,or other
out-of-planeloading,theformationof matrixcracksmayleadto immediatecatastrophic
delaminationformation and growth [1,2]. Hence, accuratecharacterizationof the
transversetensilestrengthof compositematerialsis neededto accuratelypredictmatrix
ply crackingin thesestructures.

Previously,90 degreeunidirectionalglass-epoxylaminates [3] and carbon-epoxy
laminates[4] were testedin threeand four point bendingto characterizecomposite
transversetensilestrength.Theinfluenceof edgeflawsdueto machining,andsurface
flawsdueto manufactureandhandling,wereassessedby testingspecimensin their as-
manufacturedand machinedcondition.In addition, specimenswith polishededges,
and/orbottomfailuresurfaces,weretested.Subsequent3-pointand4-pointbendtestsof
glass-epoxylamina and carbon-epoxylamina [5] were also performedundercyclic



loading.In eachof thesestudies,themaximumtensilestressat failureundermonotonic
andcyclicloadingwasdeterminedusingbeamtheoryexpressions.

Thegoalof this investigationwasto studyunderwhichconditionssimplebeamtheory
yieldedsufficientlyaccurateresultswhenusedto calculatethestressesin the3-pointand
4-pointbendingspecimens.For the entireinvestigation,theABAQUS®finite element
softwarewas used.For comparison,both linear and geometricnonlinearanalysis
procedureswere used.The three-pointand four-pointbendingspecimenswere first
modeledentirelywith two-dimensionalelements.Then,three-dimensionalfinite element
modelswereusedto studythestressdistributionacrossthewidth of thespecimensand
comparethe resultsto the stressescomputedfrom two-dimensionalplane-strainand
plane-stressanalysesandthestressesfromsimplebeamtheory.

Materials

FE analyses were performed on two materials, $2/8552 glass-epoxy [3,5] and IM7/8552

carbon-epoxy [4,5]. Material properties used in the analysis are given in Table 1. The

$2/8552 specimens were cut from a 24-ply panel. The average panel thickness was 5.56

mm, corresponding to an average ply thickness of 0.231 mm. The IM7/8552 specimens

were cut from both 24-ply and 36-ply panels. The average panel thickness was 3.29 mm

for the 24-ply panel and 4.94 mm for the 36-ply panel, corresponding to an average ply
thickness of 0.137 mm.

Specimen Configurations

Three-point bending tests were evaluated in three configurations (A, B, and C)

corresponding to span lengths of 25.4, 50.8, and 76.2 mm (figure l(a)). Four point

bending tests were evaluated using the four configurations (A1, A2, B2, B3) shown in

figure l(b).

Beam Theory

For the three point bending configurations shown in figure 1(a), with span length, s, and

width, b, the tensile bending stress distribution at the bottom of the beam is shown in

figure2a. Specimen strengths were determined in references 3&4 from the beam theory

expression for the maximum tension stress, Omax, under the center load nose using the

maximum load at failure, Pc, and the average specimen thickness, t_vg,

3PcS
I_max -- 2 (1)

2bt avg

For the four point bending tests shown in figure 1(b), with outer span, s, inner span, s-g,

and width, b, the tensile bending stress distribution at the bottom of the beam is shown in

figure 2b. Specimen strengths were determined in references 3&4 from the beam theory



expressionfor themaximumuniformtensionstress,(Ymax,betweentheinnerloadpoints
usingthemaximumloadat failure,Pc,andtheaveragespecimenthickness,t_vg,

(2)

Finite Element (FE) Analysis Formulation

Two typical two-dimensional finite element models of the specimens, boundary

conditions and loads applied in the simulations are shown in Figure 3. A typical three-

dimensional finite element model of the specimens used in the simulations is shown in
Figure 4. For both the 2D and 3D analyses, the ABAQUS ® input file was generated

automatically using a FORTRAN routine (see Appendix 1). This user-written routine

required only the input of the geometrical data, the material property data given in Table

I, and the mesh parameters shown in Figure 3. The use of this routine allowed the quick

generation of a large number of models for the different specimen configurations and

simplified the otherwise tedious mesh generation and refinement.

The two-dimensional specimen cross sections were modeled using eight-noded

quadrilateral plane-strain (CPE8R) or plane-stress (CRS8R) elements using quadratic

shape functions and a reduced (2x2) integration scheme. These elements were selected to

avoid shear locking in bending, which is common in first-order, fully integrated elements,

such as CPE4 and CPS4 [6]. The numerical formulation of first order elements gives rise

to shear strains that do not really exist. Therefore, these elements are too stiff in bending,

and many elements over the thickness are required to obtain acceptable results. Elements

where a lower-order, reduced integration are used to form the element stiffness, such as

the CPE8R and CPS8R elements used in this study, usually require fewer elements

through the thickness, provide more accurate results in bending, and yield reduced

running times. Loads were prescribed at single nodal points in the models. However, for

configuration B2 that exhibited the greatest deviation from beam theory, rollers were also

included in the model at the outside load points (see Appendix 2).

For the 3D analyses, specimens were modeled with ABAQUS ® solid, twenty-noded,

C3D20R hexahedral elements using quadratic shape functions and a reduced (2x2x3)

integration scheme. The C3D20R element utilizes reduced integration to form the

element stiffness, and hence, provides accurate results in bending which yield reduced

running times compared to other 3D elements [6,7].

Computation of Stresses

Averaged stresses at nodes were computed along the bottom (tension) surface of the

beam specimens where the highest tensile stresses occur. The results were extracted for
additional post-processing directly from the ABAQUS ® binary result file using a user

written FORTRAN routine (See Appendix 1) [6,7].



Two Dimensional FE Analysis Results

Three Point Bending

Figure 5 shows the finite element mesh for the $2/8552 glass epoxy material, 3-point

bend configuration A (figurela). The mesh is shown in the deformed position at the

failure load with the stress contours superimposed illustrating the compression stress near

the point of load application at the top of the beam and the high tensile stresses at the
bottom of the beam under the center load nose. Tension stress results at the bottom of the

beam will be quantified in later figures. Similar meshes were generated for the other 3-

point bend configurations in figure 1a using the technique described earlier.

The open symbols in figure 6 show the stresses calculated from the 2D, plane-strain,

linear finite element analysis, ¢JVE,normalized by the maximum tension stress calculated

from the beam theory, ¢JBT ((_max in equation 1). For comparison, the normalized stress

distribution from beam theory is superimposed on the finite element results. This

comparison indicates that the peak tensile stress calculated from the finite element

analysis is slightly (4%) less than the beam theory prediction. Similar results were

obtained for the 2D plane-stress linear finite element analysis, as well as the 2D

geometric non-linear plane-strain and plane-stress FE analyses. In order to establish the

accuracy of this comparison, the 2D geometric non-linear analysis was also performed

using a refined mesh as shown in figure 7. This analysis yielded more stress results in the

critical area under the load nose. However, this refined mesh yielded essentially no

change in the maximum stress calculated directly under the load nose, which was also

less than the beam theory (figure 8).

Figure 9 summarizes the peak stress comparisons for the 24-ply $2/8552 glass-epoxy 3-

point bend configurations in terms of percent Ao, where

A_ - I BT - (YVE xl00 (3)

I_BT

As shown in figure 9, the greatest difference between all the 2D FE analyses and the

beam theory was about 4% for the shortest span, configuration A. The longer span

configurations had difference between 1% and 2%.

Figure 10 summarizes the peak stress comparisons for the 24-ply IM7/8552

carbon-epoxy 3-point bend configurations. The greatest difference between all the 2D FE

analyses and the beam theory was about 2% for the shortest span, configuration A. The

longer span configurations had differences of 1% or less. Figure 11 summarizes the peak

stress comparisons for the 36-ply IM7/8552 carbon-epoxy 3-point bend configurations.

The greatest difference between all the 2D FE analyses and the beam theory was about

3% for the shortest span, configuration A. The longer span configurations had difference
between 1% and 2%.



Theresultsfrom figures10-11indicatethatthebeamtheoryresultsbecomelessaccurate
for thickerbeamsof agivenspan,andfor shorterspansof thesamebeamthickness.This
is thesametrendexpectedfor thesignificanceof transverseshearingdeformationin 3-
point bendingof beams.This shearingdeformationis notreflectedin thebeamtheory
equations1and2.

Four Point Bending

Figure 12 shows the finite element mesh for the $2/8552 glass-epoxy material, 4-point

bend configuration A1 (figurelb). The mesh is shown in the deformed position at the

failure load with the stress contours superimposed illustrating the compression stress

between the two inner load noses at the top of the beam and the high tensile stresses at
the bottom of the beam under the inner load noses. Tension stress results at the bottom of

the beam will be quantified in later figures. Similar meshes were generated for the other

4-point bend configurations in figure lb using the technique described earlier.

The open symbols in figure 13 show the stresses calculated from the 2D plane-strain,

linear finite element analysis, (YvE, normalized by the maximum tension stress calculated

from the beam theory, (YBT (Gmax in equation 2). For comparison, the normalized stress

distribution from beam theory is superimposed on the finite element results. This

comparison indicates that the peak tensile stress calculated from the finite element

analysis is slightly less than the beam theory prediction just below the load nose as

observed in the 3-point bend case. However, the 4-point bend FE results become slightly

greater than the beam theory stress just inside the load nose before assuming the beam

theory result in the majority of the span between the inner load noses. Similar results

were obtained for the 2D plane-stress, linear finite element analysis. The 2D plane-strain

geometric non-linear FE analysis yielded a similar FE stress distribution, except the

plateau in the majority of the span between the inner load noses was larger (1.5%) than

the beam theory result (figure 14). The 2D plane-stress, geometric non-linear FE analysis,

yielded a similar FE stress distribution, but with an even greater discrepancy (2.5%) from

the beam theory between the two center load noses (figure 15). In order to establish the

accuracy of this comparison, the 2D geometric non-linear analysis was also performed

using a refined mesh as shown in figure 16. This yielded more stress results between the

inner load noses, but there was essential no change in the plateau of the distribution

between the inner load noses (figure 17). Figures 18 a-d compare the 2D geometric non-

linear plane-strain and plane-stress results in terms of percent Ao (equation 3) between

the inner load noses for the four $2/8552 glass-epoxy 4-point bend configurations

(figurelb). For all four configurations, the plane-stress results differ from the beam

theory predictions by 0.5 to 1.5% more than the plane-strain results.

The 2D plane-stress geometric non-linear FE results in terms of percent Ao (equation 3)

between the inner load noses are summarized for all four $2/8552 glass epoxy 4-point

bend configurations in figure 19. For the plateau in the majority of the span between the

inner load noses, the greatest discrepancy between the FE and beam theory results occurs

for configurations B2 (4%) and A1 (2.5%). These two configurations have the shortest



spanbetweentheinner andouterloadnoses(12.7mm). Figure19alsoillustratesthe
non-uniformstressdistributionbetweentheinner loadnosesfor thetwo configurations,
B2 andB3, with thegreatestinnerspan,s-g= 50.8mm. Thesesametrendswerenoted
for the24-ply(figure20) and36-ply(figure21) IM7/8552carbon-epoxy,4-pointbend
configurations.Thethinner24-plylaminatehadslightlylowerdiscrepancies(only3%for
configurationB2, for example)than the thicker36-ply laminateof thesamematerial.
However,the non-uniformstressdistributionbetweenthe inner load noseswasmore
pronouncedin thethinnerlaminates.

Contact Analysis

A contact analysis was performed in order to investigate the influence of modeling the

roller versus modeling the support as a simple boundary condition at one nodal point (see

appendix 2). It was expected that accounting for the roller would change the contact

location and result in a shorter span, s, of the specimen and thus result in a different stress

distribution along the bottom surface of the specimen. The roller support was modeled

and corresponding contact analysis was performed for specimen configuration B2, only,

because discrepancy in stresses between the finite element and the beam theory results

were most pronounced for this configuration as shown in Figures 19-21. The B2

configuration was modeled for the 24-ply and 36-ply IM7/8552 layups and the 24-ply

$2/8552 layup. As shown in the appendix, for all configurations investigated the

discrepancy between the FE and beam theory results became smaller (max. 3%) when the

rollers were modeled in conjunction with contact analysis instead of simple supported

boundary conditions. Hence, the beam theory yields a reasonably accurate value for the

maximum tensile stress in bending compared to 2D FE analysis.

Three Dimensional FE Analysis results

The $2/8552 glass-epoxy material, 4-point bend configuration B2 (figurelb) was chosen

for the 3D analysis since it exhibited the greatest deviation from beam theory in the 2D

non-linear analysis. Figure 22 shows the finite element mesh for a 6.35mm wide $2/8552

glass-epoxy, 4-point bend configuration B2. The mesh is shown in the deformed position

at the failure load. The 3D model had the same in-plane mesh refinement as the 2D

analyses, but with ten elements across the specimen width.

Figure 23 shows the 3D geometric non-linear FE stress results in terms of percent Ao

(equation3) between the inner load noses and across the specimen width. Near the load

noses, the stresses peak near the center of the specimen width. However, between the

load noses the stress peaks near the edges of the specimen. Ideally, the stresses

calculated near the specimen edges should be in good agreement with the 2D plane-stress

results and the stresses calculated near the center of the specimen should be in good

agreement with the 2D plane-strain results. Figure 24a compares the 3D stresses at the

specimen edge to the 2D plane-stress results for both the linear and geometric non-linear

cases. Good agreement was found in both cases, with only the non-linear case showing

the significant deviation from the beam theory result between the inner load noses. Figure

24b compares the 3D stresses at the center of the specimen width to the 2D plane-strain



resultsfor boththelinearandgeometricnon-linearcases.Goodagreementwasfoundfor
the linearcase,with no significantdeviationfrom thebeamtheoryresultbetweenthe
innerloadnoses.However,the3Dnon-linearcaseindicatedagreaterdeviationfromthe
beamtheoryresultbetweentheinner loadnoses(4%)thandidthe2Dplane-strainresult
(3%).This indicatedthat thesebeamswerenot quite wide enoughto achievea fully
constrained(plane-strain)conditionatthespecimencenter.

Toinvestigatetheinfluenceof specimenwidthfurther,a 3Danalysiswasalsoperformed
for a 12.7mmwide, 24-ply, IM7/8552carbon-epoxy,4-pointbend configurationA1
(figurelb). Thisconfigurationwasusedin reference5 to characterizetransversetension
fatiguelife. Figure25 showsthefiniteelementmeshfor the24-ply,IM7/8552graphite-
epoxymaterial,4-pointbendconfigurationA1. Themeshis shownin the deformed
positionatthefailure load.The3Dmodelhadthesamein-planemeshrefinementasthe
2Danalyses,butwith tenelementsacrossthespecimenwidth.

Figure26showsthe3Dgeometricnon-linearFEstressresultsin termsof percentAo
(equation3)betweentheinnerloadnosesandacrossthespecimenwidth.Figure27a
comparesthe3Dstressesatthespecimenedgeto the2Dplane-stressresultsfor boththe
linearandgeometricnon-linearcases.Goodagreementwasfoundinbothcases,with
onlythenon-linearcaseshowingaslightdeviation(1.5%) fromthebeamtheoryresult
betweentheinnerloadnoses.Figure27bcomparesthe3Dstressesatthecenterof the
specimenwidthtothe2Dplane-strainresultsforboththelinearandgeometricnon-linear
cases.Goodagreementwasfoundfor thelinearcase,withnosignificantdeviationfrom
thebeamtheoryresultbetweentheinnerloadnoses.Furthermore,for this12.7mmwide
specimen,therewasalsogoodagreementbetweenthe2Dnon-linearplane-strainsolution
andthe3Dnon-linearsolutionatthecenterof thespecimenwidth,indicatingthatafully
constrained(plane-strain)conditionhadbeenachievedatthespecimencenter.Boththe
2Dand3Dnon-linearanalysesresultsindicatedaslight(1.5%)deviationfromthebeam
theoryatthespecimencenter.

Analysis of Results

Figures 28-30 compare the 2D stress analysis results for 3-point bend configurations A,

B, and C for the $2/8552, 24-ply IM7/8552, and 36-ply IM7/8552 materials, respectively,

to the histogram of failure locations measured for these materials [4]. The histograms

show the location and frequency of failures for the number of replicates tested of a given

configuration. These figures indicate that most failures occur near the center of the span,

but not always directly below the central load nose where the tensile stress is a maximum

(figure 2a). As noted in references 3-5, all failures do not occur directly below the load

nose because the failure is sensitive to the presence of flaws in the specimen

microstructure. Both the beam theory and the finite element analysis assume that the

material is uniform and homogeneous throughout. Hence, it would be meaningless to

reduce the data based on the FE stress at a given span location relative to the center load
nose because the failure is due to the local stresses associated with micro-structural flaws.

Rather, in order to characterize the strength and the associated volume dependence, data



are fit to either a normalor Weibull distributionrankedaccordingto the calculated
maximumstressatfailurefromthebeamtheory[4,5].

Figures31a-dcomparethe2D stressanalysisresultsfor 4-pointbendconfigurationsA1,
A2, B2, andB3,respectively,for the $2/8552glassepoxymaterialto thehistogramof
failure locationsmeasuredfor thesematerials[3,4]. Thesefiguresindicatethat most
failuresoccurnearthecenterof the span,betweenthe inner two loadnoseswherethe
tensilestressis a maximum(figure 2b). Theremainingfailuresoccurbelow the inner
loadnosesaswasobservedin the3-pointbendspecimens.

Figures32a-ccomparethe2Dstressanalysisresultsfor 4-pointbendconfigurationsA1,
A2, and B2, respectively,for the 24-ply IM7/8552 carbon-epoxymaterial to the
histogramof failure locationsmeasuredfor thesematerials[4]. Figures33 a-dcompare
the 2D stressanalysisresultsfor 4-pointbend configurationsA1, A2, B2, and B3,
respectively,for the36-ply IM7/8552carbon-epoxymaterialto thehistogramof failure
locationsmeasuredfor thesematerials[4]. Unlike the glass-epoxymaterial,a greater
percentageof failuresoccurbelow the inner loadnosesfor all the configurations.In
reference4, thiswasattributedto the largevariabilityin specimenthicknessobservedin
thegraphitematerial,whichisnotaccountedfor in eitherthebeamtheoryor FEanalysis,
but leadsto a biasedloading towards one, or the other, inner load nosesin the
experiments.

Theutility of theFE resultsis primarily for guidancein thechoiceof beamthickness,
width,andconfiguration.Forthe3-pointbendconfiguration,longerspansarepreferred
to minimize the error in beamtheorydatareduction.Similarly, for the 4-point bend
configurations,a longerspanbetweentheinnerandouterloadnoses,atleastequalto the
spanbetweenthe inner loadnoses,resultsin lesserror comparedto beamtheory. In
addition,theseFEresultsindicatethatthespanbetweentheinner loadnosesshouldnot
be too long to avoidobtaininga non-uniformmaximumstressbetweenthe inner load
noses.Finally, the 3D analysisindicatesthat specimensshouldbe sufficientlywide to
achieveafully constrainedstate&plane-strain at the center of the specimen width.

Conclusions

For 3-point bend test configurations, both the linear and geometric non-linear 2D plane-

strain and plane-stress analyses yielded similar results. The maximum tensile stresses

under the center load nose calculated from the finite element (FE) analysis were slightly

lower than stresses predicted by beam theory. The difference (maximum of 4%) was

greatest for the shortest span analyzed.

For 4-point bend test configurations, both the plane-stress and plane-strain 2D linear

analysis results agreed closely with beam theory except right below the load points.

However, 2D geometric non-linear analyses deviated slightly from beam theory

throughout the inner span as well as below the load points. Plane-stress results deviated

from beam theory more than plane-strain results. The maximum tensile stresses between

the inner span load points were slightly greater than the beam theory result. This



differencewas greatest(maximumof 4%) for configurationswith the shortestspans
betweeninnerandouterloadpoints.A contactanalysiswasalsoperformedin orderto
investigatethe influenceof modelingtheroller versusmodelingthesupportasa simple
boundaryconditionatonenodalpoint.TheB2configurationwasmodeledfor the24-ply
and 36-ply IM7/8552 layups and the 24-ply $2/8552 layup. Generally, for all
configurationsinvestigated,the discrepancybetweenthe FE and beamtheoryresults
becamesmaller(max.2%)whentherollersweremodeledin conjunctionwith contact
analysis.Hence,thebeamtheoryyieldsa reasonablyaccuratevaluefor the maximum
tensilestressinbendingcomparedto2D FEanalysis.

The3D linearFEanalysisof the4-pointconfigurationsagreedcloselywithbeamtheory,
exceptrightbelowtheloadpoints.The3D linearFEresultsat thespecimenedgeagreed
with 2Dplane-stressresults,andthe3D linearFEresultsin thecenterof thespecimen
agreedwith 2D plane-strainresults.The 3D geometricnon-linearanalysesdeviated
slightlyfrombeamtheorythroughouttheinnerspanaswell asunderloadpoints.The3D
geometricnon-linearFE resultsat the specimenedgeagreedwith the 2D plane-stress
results.For the 12.7mm (0.50 in.) wide IM7/8552specimens,the3D geometricnon-
linear FE resultsin the centerof the specimenagreedwith 2D plane-strainresults.
However,for the6.35mm (0.25in.) wide $2/8552specimens,the 3D geometricnon-
linearFEresultsin thecenterwerelessthan2Dplane-strainresults,indicatingthatthese
specimenswerenotwideenoughto achievefull constraint.

Theutility of theFE resultsis primarily for guidancein thechoiceof beamthickness,
width,andconfiguration.Forthe3-pointbendconfiguration,longerspansarepreferred
to minimize the error in beamtheorydatareduction.Similarly, for the 4-point bend
configurations,a longerspanbetweentheinnerandouterloadnoses,atleastequalto the
spanbetweenthe inner loadnoses,resultsin lesserror comparedto beamtheory. In
addition,theseFEresultsindicatethatthespanbetweentheinner loadnosesshouldnot
be too long to avoidobtaininga non-uniformmaximumstressbetweenthe inner load
noses.Finally, the 3D analysisindicatesthat specimensshouldbe sufficientlywide to
achieveafully constrainedstateof plane-strainatthecenterof thespecimenwidth.
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Appendix 1

A general overview of the analysis procedure is given in Figure A1. The ABAQUS ®

input file was generated automatically using a user written FORTRAN routine

(genbeam.f in figure A1), which, in addition to the material data given in Table I, only

required the input of the loading, the geometrical data and mesh parameters as shown in

Figures 3 and 4. The use of this routine (flow chart shown in Figure A2) allowed the

quick generation of a large number of models for the different specimens and simplified

the otherwise tedious mesh refinement and convergence studies.

The stresses along the bottom side/surface of the beam specimens were of prime interest

as this is the location where the highest tensile stresses are to be expected. Therefore, the

averaged stresses at nodes were extracted for additional post-processing directly from the
ABAQUS ® binary result file using another user written FORTRAN routine (stress.f in

figure A1) the flow chart of which is depicted in Figure A3.
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Appendix 2

Finite Element (FE) Analysis Formulation

A contact analysis was performed in order to investigate the influence of modeling the

roller versus modeling the support as a simple boundary condition at one nodal point. It

was expected that accounting for the roller would change the contact location and result

in a shorter span, s, of the specimen and thus result in a different stress distribution along

the bottom surface of the specimen. The contact analysis was performed using only two-

dimensional finite element models of the specimens as shown in Figure A4a. Only 20%

of the outer part of the roller was modeled with finite elements as shown in detail in

Figure A4b. A roller with a diameter of 4.73 mm was modeled which corresponds to the

roller diameter of the test fixture used in references 3&4. Material properties for the steel

rollers used in the simulation are given in Table 1. Displacements in x and y direction

were suppressed for all nodes along the inner radius of the model and along the line of

symmetry of the roller to simulate the rigid behavior of the roller. Contact was modeled

between two deformable bodies with small relative motion without friction using the

concept of master and slave surfaces available in ABAQUS ® [6]. The top surface of the

elements in the refined section of the roller modeled made up the master, or target,

surface as shown in Figure A4b, while the surface of the elements in the refined section

at the bottom of the specimen defined the slave or contact surface used in the analysis.

Contact Analysis results

The roller support was modeled and corresponding contact analysis was performed for

specimen configuration B2, only, because discrepancy in stresses between the finite

element and the beam theory results were most pronounced for this configuration as

shown in Figures 19-21. Additionally, the thinner 24-ply IM7/8552 B2 configuration

exhibited a more pronounced non-uniform stress distribution between the inner load

noses than the thick laminates. Therefore, the B2 configuration was modeled for the 24-

ply and 36-ply IM7/8552 layups and the 24-ply $2/8552 layup.

Figure A5 shows the finite element mesh for the 24-ply IM7/8552 carbon/epoxy material

B2 type specimen. The full specimen and the details are shown in the deformed position

at the failure load. As shown in the detail of Figure A5, contact occurs only locally. Due

to the local rotation of the specimen at the support, the contact location is changed and

moves inward which reduces the effective span s by about 0.6 mm at each support.

The tension stresses computed at the bottom of the specimen, using 215)contact analysis

where the roller support were modeled, are shown in Figures A6 a-c. The difference

between the beam theory and FE stresses for all configurations are lower compared to

results obtained from analysis where simple supported boundary conditions had been

used. This may be explained by considering equation (2). Because the distance between

the load points (s-g) remains unchanged in the simulation, the reduction of the effective

span, s, causes the same reduction in the length, _, which is used in equation (2) to

12



calculatethestresses.Forall configurationsinvestigated,thediscrepancybetweentheFE
andbeamtheoryresultsbecamesmaller(max.3%)whentherollersweremodeledin
conjunctionwith contactanalysisinsteadof simplesupportedboundaryconditions.

TABLE I. MATERIAL PROPERTIES.

$2/8552UnidirectionalGlass-EpoxyPrepreg

Ell = 47.71 GPa

v12 = 0.278

G12 = 4.83 GPa

E22 = 12.27 GPa

v13 = 0.278

G13 = 4.83 GPa

E33 = 12.27 GPa

v23 = 0.403

G23 = 4.48 GPa

IM7/8552 Unidirectional Carbon-Epoxy Prepreg

Ell = 161.0 GPa

v12 = 0.32

G12 = 5.17 GPa

E22 = 11.38 GPa

v13 = 0.32

G13 = 5.17 GPa

E33 = 11.38 GPa

v23 = 0.436

G23 = 3.98 GPa

Steel

E = 210.0 GPa v = 0.3
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_- _PI2_s-2_ 212

p P/2 P/2

1 1 1
_,_l t_,_ _,_t l_,_

Configuration s, mm Confi_ s, mm 2/2, mm s-2,mm

A 25.4 A1 50.8 12.7 25.4

B 50.8 A2 76.2 25.4 25.4

C 76.2 B2 76.2 12.7 50.8

B3 102 25.4 50.8

(a) 3-point bending

Figure 1.

(b) 4-point bending

Bending test configurations.

P/2

Gmax

0

(a) 3-point bending

Figure 2.

212 _s-2_ ,U2

P/2 P/2

P/2 P/2 P/2

-_ S _.-

Gmax

0
/ \

(b) 4-point bending

Beam theory tension stress distribution on the bottom of beam.
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•.I S m.-

L: total specimen length

s: span between supports
r: length of refined section around supports and load points

t: specimen thickness
nr: number of elements in refined section

nsl: number of elements in overhang

ns2: number of elements in section between support and load point

nt: number of elements over the thickness

(a) Two dimensional FE model of three point bending specimen

P/2 P/2
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' ' ' ° ,2,
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u:v:o 2v:
s-L

•. S .-

s-L: span between inner load points

x ns3: number of elements in the center section

(b) Two dimensional FE model of four point bending specimen

Figure 3. Two dimensional FE models and corresponding load and boundary conditions
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L: total specimen length

s: span

r: length of refined section around
supports and load points

t: specimen thickness
b: width

r

P/2

ns2 nr

nsl

ns3
r P/2

r
ns2

nt

nsl

nb

nr

Figure 4.

nr: number of elements in refined section

nsl: number of elements in overhang

ns2: number of elements in section

between support and load point
nt: number of elements over the thickness

nb: number of elements across the width

s-L: span between inner load points
ns3: number of elements in the center section

Three dimensional FE model of four point bending specimen.
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Plane Strain
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(a) Configuration A1 (b) Configuration A2
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(d) Configuration B3

Fig. 18 Comparison of Discrepancy between Beam Theory and Plane-Stress and

Plane-Strain FE Analysis for $2/8552 Glass-epoxy 4-point bending configurations
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Plane Stress nl
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Length, mm

, i

70

(a) 2D Plane Stress vs. 3D Edge results
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(b) 2D Plane Strain vs. 3D Center results

Fig.24 Comparison of Discrepancy between Beam Theory and 2D and 313

FE Analysis for $2/8552 Glass-epoxy 4-point bending Configuration B2
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(b) 2D Plane Strain vs. 3D Center results

Fig.27 Comparison of Discrepancy between Beam Theory and 2D and 3D

FE Analysis, 24-ply IM7/8552 Carbon-epoxy 4-point bending Configuration A1
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$2/8552 3-point bending Configurations
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ser specifiedX J

input file _, I
enbeam.data
ntains loads, f "- ]

mensions and f ]

aterial data/ ]

genbeam.f

read input data
calculate nodal point

coordinates,

position of loads and
boundaries

write ABAQUS input file

US restart file
beam. res

ABAQUS ® Standard

read input data
perform finite element analysis

write output

US files

beam.lot

beam.msg, beam.sta

ABAQUS ® Post

read data from restart file

graphical display of FE results

write plot file

ABAQUS ® Plot

read data from plot file
write poscript files

_user specified X ]

input file X I

stress.data
ontains loads, / _ ]
mensions and /' ]

file namesy

stress.f

read binary data from result file
extract stresses at bottom

surface of the beam

write stresses on output file

1.1

1.0

0.90

OBT0 80

0.6)

Kaleidagraph ® Plot

• read data from stress output file
create stress plots

Figure AI. Flow chart of entire analysis procedure.
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output
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ABAQUS result file

beam.fil
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_ser specified_

input file %k I
enbeam.data

ntains loads, / Yl

mensions and /

aterial data/'

integer ...
real ...

common/elast/...

assign arrays

read(nunit, *)word,eltype Iread data from input file

calculate individual section lengths

open (unit=iunit, file=...
call header

open output file and write ABAQUS header

call net3d(...

call bound3d(...

determine net topology and

node number of boundary conditions

ca11 genpco(...

generate nodal point coordinates

call Ifront(...

call cfront(...

create node set for displacement output

create node set for stress output

Icall (...

material

write material data to ABAQUS input file

call abhist(..-
calculate loads at nodal points and

write ABAQUS history and output commands

I I

ABAQUS ® input file

beam.inp

Figure A2. Flow chart of routine genbeam.f to generate finite element model.
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_program stress/

IINCLUDE ' inc '

aba_param g

enable access to ABAQUS files

integer elnum,...

real stress(6),...
character ...

_o assign arrays

\

ser specified_
input file \ ,

stress.data ___J read ( nunit, * ) word, bl, . . .

ntains loads, / "-[ read data from user input file

fi/2sions2 nd/ '

_lcall gstart (kunit, output)

open file for stress output

LRUNIT (i, i )=8

LRUNIT (2,1 )=2

CALL INITPF (FNAME, NRU, . . .

CALL DBRNU (JUNIT)
ABAQUS result file initialization

stress output file
beam.sig

CALL DBFILE (LOP,ARRAY, JRCD)

"- [ read each record of the ABAQUS result file
|

ELSE IF(KEY.EQ.II)THEN

call datin(head, 1,...

identify stress record and store data in array

I call sort(iunit,kunit,...sort stress data and write to output file

call
gend(iunit)

doseoutputfile

end [

Figure A3. Flow chart of routine stress.f to retrieve stresses at the bottom of the beam.
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detail

\

P/2

s-L

P/2

L: total specimen length
s: span between supports

s-L: span between inner load points
t: specimen thickness

(a) Two dimensional FE model of four point bending specimen with modeled rollers

nrrl

rr

rr: radius of roller support
rt: modeled thickness

nt: number of elements over thickness

nrrl : number of elements outside the

contact region
nrr2: number of elements in the

contact region

contact surface

nrt • initial contact

u=v=O for all nodes along inner radius
and symmetry line of roller

(b) Detail of modeled roller and contacting surfaces

Figure A4. FE model with rollers and corresponding load and boundary conditions
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P/2 P/2

[
x "_ detail

"_ detail

Figure A5. Deformed FE model with details of modeled rollers and contacting surfaces
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